This study evaluates the prospects for restoration of the Cirsio-Molinietum orchietosum by sod cutting of an eutrophicated Cirsio-Molinietum stand and of a former agricultural grassland and an alder carr, respectively. Sod cutting of the former agricultural grassland and of the alder carr sufficed to restore this plant community, whereas sod cutting of the eutrophicated Cirsio-Molinieturn was not successful. The unsuccessful restoration of the eutrophicated Cirsio-Molinietum might be due to prolonged inundation resulting from the sod cutting, causing anaerobic conditions under which no nitrification takes place. The chemical composition of the deep groundwater supplying the site changed from 2 base-rich and SO 4 --poor to base-rich and SO2--rich. This change in chemical composition of the deep groundwater, discharging in the study area, might cause a higher nutrient availability in the root zone, and therefore, negatively influence the prospects for the restoration of the Cirsio-Molinietum. Furthermore, successful restoration of the CirsioMolinietum requires (1) water tables close to the soil surface during at least six months and (2) discharging base-rich groundwater in the root zone.
Introduction
The Cirsio-Molinietum (alliance Junco-Molinion) is a plant community of wet meadows on slightly acid to neutral soils with a low nutrient availability (Jansen and Maas, 1993; Westhoff and Den Held, 1969) . situation as well as the proximity of populations of several rare species, the possibilities for restoration of species-rich Cirsio-Molinietum seemed promising in the new reserve.
Therefore, the nutrient-rich top soil of the grassland and alder cart was sod cut (Fig. 2) . The alder carr was sod cut after the trees were removed.
In this paper we will (i) evaluate the perspectives for restoration of the CirsioMolinietum by sod cutting at the old and new nature reserve and (ii) determine the abiotic key-factors for successful restoration of the Cirsio-MoIinietum. Therefore, groundwater tables and the chemical composition of soil, groundwater and surface water were measured at the sites where measures were taken. In this respect hydrological and hydrochemical relations of Cirsio-Molinietum sites with the surrounding landscape are of primary importance (Grootjans, 1985; Bakker et al.. 1987; Boeye and Verheyen, 1994) .
Site description and restoration measures

Situation, land-use and restoration measures
The study area is part of the Lemselermaten, a brook valley area in the eastern part of the Netherlands (52°21'N, 6°53'E) (Fig. 1) . Parts of this brook valley are protected as a nature reserve; they include alder carrs, wet hay-meadows and heathlands. The study area includes a wet meadow, which is the 'old' nature reserve, and the "new' reserve, that consists of a former agricultural grassland and of a former alder caw.
The Lemselermaten is bound by two brooklets to the north and the south. The central part of the Lemselermaten consists of a ridge of wind-borne sand deposits that gradually slopes to the wet meadows and alder carrs, which are situated along the brooklets. In about 1960 these brooklets were canalized and deepened. Groundwater abstraction tbr drinking water purposes started in 1966 at l km south of the Lemselermaten. About 1950 the central part of the Lemselermaten consisted of heathlands; the lower parts of wet meadows, which were mown yearly. In the 1940s and 1950s most of the wet meadows were abandoned by the farmers and developed gradually into an alder carr. The central part of the Lemselermaten and some wet meadows were reclaimed, whereas two small heathlands and one wet meadow were protected as a nature reserve. This protected meadow is the old reserve and is being mown yearly.
Since 1980 the former agriculturally used grassland was subjected to restoranon measures, i.e. mowing and hay-making. The alder carr downslope of this grassland has developed after 1950, after the wet meadows were abandoned. In 1989 the lower parts of the this grassland were sod cut (5-15 cm), whereas the alder carr was removed and sod cut (approximately 15 cm). Sods were cut down to the mineral soil. From one year after sod cutting the vegetation has been mown yearly.
In the old reserve, a strip dominated by Filipendula ulmaria and Calamagrostis canescens, was sod cut during the winter of 1991. The remaining part of the old reserve was mown annually as usual.
Vegetation
In 1944 the larger part of the wet meadows was covered by the Cirsio-Molinietum orchietosum (Westhoff and Jansen, 1990 (Westhoff and Den Held, 1969) . Westhoff and Den Held (1969) base-rich mires, and is limited to sites with discharging base-rich groundwater (Westhoff and Den Held, 1969) . Nowadays, this subassociation is restricted in the Netherlands to seven nature reserves.
At the lowest part a Scorpidio-Caricetum diandrae (alliance Caricion davallianae), a community characteristic of base-rich, nutrient-poor peatlands (Westhoff and Den Held, 1969; Kooijman and Bakker, 1995) , was found (Westhoff and Jansen, 1990) .
At present, the vegetation of the old nature reserve consists of three plant communities (Croese, 1993) Before sod cutting, and after nine years of hay-making, the grassland in the new reserve still consisted of a highly productive vegetation, dominated by Holcus lanatus and Elymus repens. Before sod cutting Fraxinus excelsior, Salix pentandra and Carex elongata occurred in the alder carr. These species point to base-rich conditions.
Methods
Vegetation
Three transects were laid out, one in the sod cut new reserve and two in the old reserve (Fig. 1) . In the old reserve one transect was laid out in the sod cut strip and the other one in untouched part, representing the Cirsio-Molinietum orchietosum. Within the transects several permanent plots of 4 m 2 were laid out to follow the development of the vegetation (Fig. 1) . The vegetation of the permanent plots was surveyed each year in July or August. Cover/abundance values of the species were estimated according to Londo (1975) and transformed to percentages according to Van Diggelen et al. (1990) .
Ground and surface water analysis
Two piezometers, supplied with a cap and screened at 50 cm and at 150 cm below the soil surface, respectively, were placed at the corner of some permanent plots (Fig. 1) . One piezometer, screened at 2 m below the soil surface, was placed in the ridge south of the reserve.
Water tables were measured twice a month at days 14 and 28. These data were combined in the form of duration lines, in which the time (in % of the total time) is depicted that a certain groundwater level (in cm's below surface) is exceeded during a year.
On 9 april 1992 pH of the surface water was measured at the inundated parts with a Conducta PM 9 pH meter. In order to measure the chemical composition of ground and surface water, ground and surface watersamples were collected in April 1992 and in July 1993 only groundwater was sampled. The piezometers were pumped before sampling until EC25 had stabilized. Two 250 ml samples per filter were taken and stored in brown glass bottles without inclusion of air. pH, EC at 25°C (EC25) and HCO 3 were measured in the laboratory the same day, after which the samples were frozen at -20°C. Within two days SO 2 ~ and C1-were measured. Cations (Ca z+, Mg ~+. Na + and K +) were measured after addition of 1 ml of HNO 3 to 250 ml of water sample, using AAS (Houba et al., 1989) . Anions (HCO~, SO 4 and CI-) were measured spectrophotometrically.
In order to measure the chemical composition of deep groundwater at the groundwater pumping station Weerselo, samples were taken from four wells with screens at 30-45, 30-48, 31-53 and 26-55 m below the soil surface in June 1993 and June 1994. This deep groundwater was analyzed in a similar way as the shallow groundwater at the Lemselermaten.
The reliability of the analyses was checked by calculating the ionic balance according to Stuyfzand (1993) . Analyses with a deviation in the ionic balance of more than 10% from electro neutrality were discarded. We used two methods to depict the chemical composition of the ground and surface water: Stiff-diagrams (Stiff, 1951) and the MAION method by Van Wirdum (1991) , based on the (dis)similarity between the samples and benchmark analyses for ground-, rain-and seawater.
Results
Vegetation dez,elopment after restoration
In the new reserve a Cirsio-Molinietum community has developed within 5 years after sod cutting. Highly productive species have almost disappeared. In the old reserve the development of the vegetation has been very slow after sod cutting. Species of the Cirsio-Molinietum, as well as high productive species have remained rare or absent.
The first three years after sod cutting of the new reserve characteristic species of the alliance Nanocyperion, such as Carex oederi ssp. oederi, Juncus tenageia, Scirpus setaceus and Cicendiafiliformis, were present. Species of this alliance are typical for the pioneer phases of the Cirsio-Molinietum, and occurred in the plots 5-7 (Fig. I ). The plots 5 and 6 are part of the former agricultural grassland, plot 7 of the former alder carr. Carex oederi ssp. oederi established in all sod cut plots. This species is decreasing in plots 7, 8 and 9 (new reserve, former alder carr), whereas it is increasing in plots 5, 6 (new reserve, former agricultural grassland), 10 and 11 (old reserve).
Eleocharis quinqueflora and Pinguicula uulgaris, species characteristic of the early phase of the Cirsio-Molinietum orchietosum, established in the plots 7 and 8 (new In the new reserve highly productive species, such as Calamagrostis canescens and Filipendula ulmaria remained inconspicuous. In 1994, five years after sod cutting, they only reached a relatively high cover (10-30%) in plot 9 (former alder carr).
Until now, species of the Cirsio-Molinietum did not appear in plots 10 and 11 at the sod cut strip in the old reserve. There, high productive species, like Calamagrostis canescens and Filipendula ulmaria have become rare.
In the old reserve where no sod cutting occurred high productive species, such as Filipendula ulmaria, still have remained dominant, especially in permanent plot 4. Almost all species of the older phase of the Cirsio-Molinietum were present in plot 1, but only some of them in plot 4. Species of the subassociation 'orchietosum' were only present in plot 1. Fig. 3 shows the duration lines of 1992, 1993 and 1994. 1992 was a dry year, whereas 1993 and 1994 were wet years. The duration lines of the piezometers 4, 5 and to a lesser extent 3 and 6 are characterized by prolonged inundation. At the other piezometers the highest groundwater tables reach the soil surface. In wet years, water tables around the soil surface occur during circa 80% of the year; in the dry year 1992 only during 50% of the year. In both dry and wet years the groundwater tables of piezometer 1 are lowest, whereas the groundwater tables of the other piezometers are more or less equal. With the exception of duration line 1, which refers to the elevated part of the transect, the water tables in the new reserve are comparable to those of the old reserve.
Groundwater tables
Chemical composition of ground and su~,~ace water
In April 1992 the pH values of the surface water of inundated parts ranged between 6.5 and 8.2.
The position of all water samples near point G in the MAION-diagrams indicates that the surfacewater and groundwater are very base-rich (Van Wirdum, 1991) (Fig. 4) Fig. 3 (continued) .
The cross-section shows a gradual transition in chemical composition of ground and surface water (Fig. 5) . The water in the ridge and ditch can be classified as rainwater enriched in Ca 2+, SO42-and C1-. At the lower part of the nature reserve ground and surface water-rich in Ca 2+ and HCO 3 occurs, at some spots enriched with SO 4 and/or C1-. The shallow groundwater and surface water have higher Ca 2+ and HCO~, but mostly lower SO 2-and CI-concentrations than the deep groundwater abstracted at Weerselo. Table 1 shows the mean concentrations and standard deviations of pH, EC (at 25°C), Jansen, J.G.M. Roelofs // Ecological Engineering 7 (1996) CI , SO 4-and HCO 3 of the deep groundwater abstracted at Weerselo and those of the shallow groundwater and the surface water at the Lemselermaten. The mean pH of the deep groundwater is equal to or higher than that of the shallow groundwater and surface water. The mean value of the EC is more or less equal to that of the shallow groundwater, but somewhat higher than that of the surface water. The mean value of CI-of the deep groundwater is higher than those of the shallow groundwater and the surface water. The mean HCO 3 concentrations of the shallow ground and surface water always exceed that of the deep groundwater, whereas the mean SO42-concentrations of the shallow groundwater and surface water are lower than that of the deep groundwater.
The mean SO~-concentration of the shallow groundwater at 0.50 m below the soil surface is somewhat lower than that of the groundwater at 1.50 m below the soil surface (Table 1) . Table 2 shows the mean concentrations and standard deviations of pH, Ci-, SO jand HCO 3 of the shallow groundwater and the surface water along the three transects. In the transects there neither exist clear differences in mean pH of the shallow groundwater, nor in mean pH of the surface water. In the old reserve the mean C1-concentration of the shallow groundwater is similar in both transects, but lower than that of the new reserve. The mean C1-concentrations of the surface water are more or less equal. In the sod cut strip of the old reserve the mean SO 2-concentration of the shallow groundwater at 0.5 m below the soil surface is close to zero, whereas it is much higher in both other transects. The mean SO 2-concentrations of the shallow groundwater at 1.5 m below the soil surface are higher than those of the shallow groundwater at 0.5 m below the soil surface. The mean SO42 concentrations of the surface water are more or less the same. In the sod cut part of the old reserve the mean HCO 3 concentration of the shallow groundwater at 0.5 m below the soil surface is highest, while that in the new reserve is lowest. The mean HCO 3 concentrations of the shallow groundwater at 0.5 m below the soil surface exceed those of the shallow groundwater at 1.5 m below the soil surface. The mean HCO 3 concentrations of the surface water do not differ very much. In any transect the mean pH and the mean CI-and SO42-concentrations of the surface water almost always exceed those of the shallow groundwater. The opposite applies to the mean HCO 3 concentrations.
In the inundated parts the mean C1-and SO 2-concentrations of the shallow Table 2 Mean concentrations of pH, CI-, SO 4 and HCO 3 of the shallow groundwater at 0.5 and 1.5 m below the soil surface (sg) and the surface water (sw) at the three transects at the nature reserve the Lemselermaten Old part, sod cut (piezometers 4 
2"
,,,q b,a groundwater are lower than those of the non-inundated parts (Table 3 ). The mean HCO~ concentrations show the opposite trend.
Discussion
Restoration of the new reserL, e
In the new nature reserve, which before sod cutting consisted of a former agricultural grassland and an alder carr, the prospects for the restoration of the Cirsio-Molinietum by sod cutting are promising. Both species of the younger and older phase of the Cirsio-Molinietum have returned, whereas highly productive species have not become abundant until now. In the new reserve, species of the younger phase of the sub-community "orchietosum' have returned in the former alder carr, but not in the former agricultural grassland. The quick reappearance of many species of both the younger and older phase of the Cirsio-Molinietum within five years after sod cutting was unexpected. With the exception of Carex species, many characteristic species of this community have a (very) short-lived seed bank (Maas and Schopp-Guth, 1995) . Our results show that most of the characteristic species of the Cirsio-Molinietum were present in the seed bank or could disperse easily from the neighbouring old reserve.
Species characteristic of the older phase of the Cirsio-Molinietum orchietosum, i.e. Eriophorum latifolium and Dactylorhiza incarnata, have not returned, although they occur in the contiguous old reserve. This might be due to:
(l) A slow seed dispersal; (2) the low age of the humus profile. Within humus profiles of low age vertical gradients in chemical and physical properties are absent. Emmer (1995) showed that vertical differentiation within a developing humus profile may be pivotal for succession of undergrowth vegetation in pine forest. It is conceivable that this process, which could take some decades, might also be of importance for species of the Cirsio-Molinietum orchietosum;
(3) the absence of the required site conditions. The water tables are comparable to those of the untouched part of the old reserve, where these species still occur (Fig. 3) . In both the new reserve and the untouched part of the old reserve very base-rich shallow groundwater is present (Fig. 5) . Hence, both groundwater tables and the basic ion content of the shallow groundwater in the new reserve seem to be appropriate for species of the older phase of the Cirsio-Molinietum orchietosum.
Restoration of the old reserue
The sod cut strip in the old reserve is characterized by prolonged inundation as a consequence of sod cutting (Fig. 3, piezometers 4 and 5) . By sod cutting the soil surface of the sod cut strip has become lower than its vicinity. Water will, therefore, accumulate in this artificial depression during wet periods, resulting in prolonged inundation.
Four years after sod cutting no species of the Cirsio-Molinietum did establish in the old reserve. This might be due to frequent prolonged inundation after sod cutting. During prolonged inundation anaerobic or oxygen-poor conditions occur, under which most nitrogen is available as NH]- (Haynes and Goh, 1978; Smolders and Roelofs, 1993) . Many species of the Cirsio-Molinietum use NO 3 as a nitrogen source and can not survive NH~--rich conditions (Houdijk, 1993; De Graaf et al., 1994; De Graaf, 1994; Dijk and Eck, 1995) . Therefore, anaerobic or oxygen-poor conditions, caused by prolonged inundation, might be responsible for the unsuccessful restoration of the Citwio-Molinietum in the sod cut part of the old reserve.
Discharge of groundwater
The base-rich groundwater, which discharges into the nature reserve, originates from the deeper parts of the aquifer, because:
(1) The shapes of all duration lines point to the discharge of groundwater (Niemann, 1963; Grootjans, 1985) (Fig. 3); (2) the impermeable base narrows near the Lemselermaten, whereas the hydrological conductivity of the aquifer reduces. Therefore a part of the groundwater discharges to the brooklets and to the soil of the nature reserve (Fig. 6) . Since the brooklets have been deepened a larger part of the groundwater flows to these brooklets than in the former situation. Another part of the groundwater in the aquifer is drawn off by the groundwater abstraction Weerselo, which is situated at the same position in the hydrological system as the Lemselermaten; (3) both the shallow groundwater at the Lemselermaten and the deep groundwater abstracted by the pumping station Weerselo show a high similarity to the benchmark sample of very base-rich groundwater (Fig. 4) .
Chemical composition of groundwater
Nowadays, the deep groundwater abstracted at Weerselo is rich in C1-and SO 4 and relatively poor in HCO 3 (Table 1) . Since 1967 the C1 and SO 4-concentrations of the deep groundwater abstracted at Weerselo have increased (Fig. 7) . This is a consequence of strongly increased manure spraying by farmers in the catchment area of the groundwater abstraction during that period (Van Beek et al., 1989) (Fig. 7) , Hence, the chemical composition of the deep groundwater has changed from HCO3-rich and SO4--and Cl--poor to HCO3-rich and SO 4 -and CI -rich during the last decades. Due to differences in groundwater tables, water flows also superficially from the agriculturally used ridge of wind-borne sand deposits to the nature reserve (Fig. 5) . The Stiff-diagram and the relatively high SO 2-and CI-concentrations of this water, indicate recently infiltrated rainwater, that is influenced by nutrient inputs from manure (Pedroli, 1989) (Fig. 5) . Hence, the superficial flow of base-poor water from the nearby agricultural lots to the nature reserve might enhance the C1 and SO42 concentrations of the surface water in the nature reserve, especially in the old reserve (Tables 1 and 2 ).
Consequences of changes in the groundwater composition
The mean HCO 3 concentrations of the shallow ground and surface water bodies always exceed those of the deep groundwater at Weerselo (Tables 1 and 2 ). The mean SO42-concentrations show the opposite. This points to the production of HCO 3-and the reduction of SO4-. These processes occur under anaerobic, non-acid conditions in the presence of organic material (Smolders and Roelofs, 1993) . The overall equation of sulphate reduction is: SO 4 + 2CH20 ~ HCO 3 + H20 + HS-+ CO 2.
The presence of SO42--poor and HCO3-rich shallow groundwater can result from: (!) The reduction of SO 2-in the aquifer (De Vries, 1969) , resulting in the discharge tion of the shallow groundwater at 1.50 m below the soil surface as compared to that of the deep groundwater at Weerselo underpins this hypothesis (Table 1) : (2) prolonged inundation. The much lower mean SO 4 concentration and the higher mean HCO~ concentration of the shallow groundwater of the inundated parts than those of the non-inundated parts point to the reduction of SO~ and the production of HCO~-when prolonged inundation occurs (Table 3) .
The supply of discharging SO42 -rich deep groundwater as well as the reduction of SO 4-and the formation of HCO~ influence the nutrient availability in three ways:
(1) Caraco et al. (1989) show that high SO42-concentrations of surface water also directly enhance the phosphate release of sediments;
(2) S 2 precipitates as FeS when the soil or the groundwater is iron-rich (Yoshida and Tadano, 1978; Giblin et al., 1990). In the soil a part of the iron is present as slightly soluble compounds, such as FeO(OH), FeCO 3 and iron-phosphorous complexes. FeS precipitation and enhanced Fe 3+ reduction by S 2 (Schindler, 1988 ) enhance the dissolution of such iron compounds. As a result of the dissolution of these iron complexes, the phosphate binding and sorbing capacity of the soil will decrease (Smolders and Roelofs, 1993) ; (3) High HCO 3-concentrations of the ground and surface water, which are present at the Lemselermaten (Table 1) , cause better conditions for decomposition and mineralization of organic material and therefore for an increased nitrogen and phosphorus availability (Kok and Van de Laar, 1991) . Whether or not these processes cause a higher availability of N and P to the vegetation of the Lemselermaten, requires further research.
Therefore, the changes in the chemical composition of the groundwater might have resulted in a much more productive vegetation and in the degradation of the former Cirsio-Molinietum at the old nature reserve. These changes might also negatively influence the long-term prospects for restoration of the Cirsio-Molinietum at the Lemselermaten. We doubt whether or not sod cutting of the new reserve results in restoration of the Cirsio-Molinietum on the long term, as long as they are fed by base-rich groundwater, that also is rich in SOj-. In the future a new organic top layer will arise, that will cause renewed eutrophication due to the constant supply of SO4--and HCO~-rich water.
Recommendations.for nature management
The Cirsio-Molinietum occurs at oligo-mesotrophic sites. Therefore, the restoration of this community requires nutrient-poor site conditions. Such conditions are maintained by high water tables and iron-and base-rich conditions, which are, therefore, key factors for the restoration of the Cirsio-Molinietum (Grootjans et al., 1986; Kemmers, 1986; Patrick and Khalid, 1974) .
High water tables are water tables that reach the surface during at least circa 50% of a year and do not drop under 80 cm below the surface during a short period in summer. High water tables retard mineralization. In the sod cut strip in the old reserve prolonged inundation occurs. This should be avoided, because inundation with acid rainwater causes acidification, while inundation with base-rich water results in eutrophication of the Cirsio-Molinietum. Therefore, sod cutting should be carried out in such a way, that running off of rainwater and discharging groundwater over the soil surface can take place. This means, that sod cutting should follow slopes and must extend down to the lowest part of an area where stagnation takes place naturally or where an outlet occurs.
Seepage of iron-rich (pH < 6.5) or Cae+-rich (pH > 6.5), but SO~--poor groundwater is a necessity, too, It results in oligo-mesotrophic conditions by sorbing P (Patrick and Khalid, 1974) . The supply of base-rich, but also SO2--rich water, which causes alkalinization and eutrophication, must be prevented. This will be difficult, because it requires measures outside nature reserves, such as the reduction of manuring by farmers, or the purchase of buffer zones along nature reserves. When seepage of Ca 2+-and iron-rich, but SO~--poor water is absent, hydrological measures should be taken that reinforce the discharge of this water. When water tables and chemical composition of ground and surface water are suitable, sod cutting is a sufficient measure to restore the Cirsio-Molinietum due to the removal of nutrient-rich organic layers. The absence of thick organic top layers after sod cutting also restricts the influence of base-rich, but SO4--rich water on the nutrient availability.
Conclusions
Sod cutting of the former agricultural grassland and of the alder carr sufficed to restore the Cirsio-Molinietum, whereas sod cutting of the eutrophicated Cirsio-Molinietum in the old reserve was not successful. This unsuccessful restoration might have been due to prolonged inundation, that occurred after sod cutting, causing anaerobic conditions under which no nitrification takes place. The eutrophication of the Cirsio-Molinietum at the old reserve might have been a result of the change in chemical composition of the deep groundwater, which supplies the site, from base-rich and SO 4 -poor to base-rich and SO~ -rich. This change in chemical composition of the deep groundwater might have caused a higher nutrient availability in the root zone.
Nomenclature
Nomenclature of phanerogams is according to Van der Meijden (1990) , that of bryophytes is according to Smith (1980) and that of syntaxa is according to Westhoff and Den Held (1969) .
